The analysis of micronuclei (MN) in cultured human lymphocytes is, in principle, able to detect exposure to clastogens and aneuploidogens alike. There is, however, no clear evidence from human biomonitoring studies or animal experiments showing that in vivo exposure of resting lymphocytes to an aneuploidogen could actually be expressed as MN in cultured lymphocytes. In vitro, a pulse treatment of human lymphocytes with vinblastine, an aneuploidogen, did result in MN induction even if performed before mitogen stimulation, although a much more pronounced effect was obtained in actively dividing lymphocyte cultures. On the other hand, it is probable that a considerable portion of "spontaneous" MN contain whole chromosomes, their contribution increasing with age. It also seems that cytochalasin B, used for the identification of second cell cycle interphase cells in the MN assay, is able to slightly increase the level of MN with whole chromosomes. If MN harboring chromosome fragments represent a minority of the total MN frequency, there may be difficulties in detecting a weak effect in this fraction of MN against the background of MN with whole chromosomes. This would reduce the sensitivity of the assay in detecting clastogens, unless MN with whole chromosomes and chromosome fragments are distinguished from each other. That a problem may exist in sensitivity is suggested by the difficulty in demonstrating MN induction by smoking, an exposure capable of inducing chromosome aberrations. The sensitivity ofthe lymphocyte MN assay could be increased by detecting kinetochore or centromere in MN, or by automation, allowing more cells to be analyzed.
Introduction
The analysis of micronuclei (MN) in cultured lymphocytes is increasingly applied as a method to biomonitor human exposure to genotoxic agents, largely because the cytokinesis block (CB) technique (1) has made it possible to identify cells that have divided once in culture (second cycle interphase cells). Most of the MN resulting from in vivo exposure to a genotoxin are formed from preexisting lesions when the stimulated lymphocytes divide for the first time in vitro. This paper discusses the applicability of the MN assay for biomonitoring human exposure to genotoxins. The key questions in this respect are the sensitivity of the assay in detecting exposure to clastogens and aneuploidogens, factors modifying the background level of MN, and the possible influence of cytochalasin B (Cyt-B) used to produce the CB.
Is Exposure to Aneuploidogens Detected?
It has convincingly been shown in experimental animals that both clastogens and aneuploidogens are able to produce MN in actively dividing tissues (2) . Aneuploidogens also induce MN in human lymphocytes when the treatment occurs after mitogen stimulation (3) . Although aneuploidogens such as spindle poisons preferentially affect actively dividing cells, exposure of resting lymphocytes (most peripheral lymphocytes are in Go stage in vivo) might also be expected to induce MN in stimulated lymphocytes if a) the aneuploidogens act upon the G.
precursors ofthe mitotic apparatus, b) the concentration of the aneuploidogen present in the blood sample is high enough at the time of the first in vitro divisions, or c) MN generated by the exposure in vivo are frequent enough to be detected against the high background of MN induced "spontaneously" at the first in vitro divisions.
Investigations on human exposure to pure aneuploidogens are rare. Two studies describing MN assays after occupational exposure to mercury compounds, known to be aneuploidogenic, have, however, been published. One study of chloroalkali workers exposed to mercury vapor (4) , showing correlation of MN frequency with cumulative exposure index and with the number of blood mercury peaks, was difficult to interpret because Cyt-B was not employed. The other study, which used the CB method and described increased MN frequencies among explosives workers exposed to mercury fulminate, might have reflected clastogenic exposure as well because the workers also had elevated levels of chromosome aberrations (5) .
A simple way to study the question of whether MN can be induced by aneuploidogen exposure of resting lymphocytes is to treat lymphocytes with an aneuploidogen before mitogen stimulation. Results from this kind of experiment with vinblastine sulfate are shown in Figure 1 . MN induction was observed with all of the treatment schedules, but there were enormous differences in the response. Figure 1 that the 24-hr pulse treatment of nondividing cells, performed before mitogen stimulation, was the least effective, yielding a positive result (a 3.7-fold elevation above the control level) only at the highest concentration available for analysis (100 ng/mL; 250 ng/mL was toxic). It was not possible to tell whether this response was due to an effect induced in the resting stage and retained until mitosis or to residual vinblastine left in the cells or in the culture medium, despite the wash. Nevertheless, elevation of lymphocyte MN levels in a human biomonitoring study cannot be expected to result from in vivo exposure to some unestablished or unknown aneuploidogenic agent before it has been shown experimentally or by human studies that an in vivo aneuploidogen exposure is able to influence MN levels in cultured lymphocytes.
Is Exposure to Clastogens Detected?
Studies on patients exposed to ionizing radiation and chemotherapy have clearly shown that an in vivo exposure to clastogens can result in MN induction in stimulated blood lymphocytes (6) (7) (8) (9) (10) . Experience with lower exposure levels such as encountered in occupational chemical exposure has been less encouraging.
Since the first human biomonitoring study (11, 12 ) using Cyt-B -which did show elevated MN levels among cyclophosphamide process workers and oncology nurses exposed to cytostatics -biomonitoring studies with a positive MN outcome from exposures to chemical genotoxins (other than cytostatics in cancer therapy) have been rare. In Finland, investigations of exposure to styrene in the reinforced plastics industry (13, 14) , power-line workers exposed to electric and magnetic fields (15) , and formaldehyde-exposed industry workers (Table 1) have all yielded a negative outcome for MN. A tentative positive finding was recorded in one study comparing lymphocyte MN levels among hospital pharmacists before and after 1 year of handling of cytostatics, although the difference to a matched control group was not significant (Table 1) . Biomonitoring studies from other countries have found no deviation from control MN frequencies in tannery workers (16) , ethylene oxide-exposed sanitary workers (17) , and human volunteers taking the clastogenic analgesic paracetamol (18) .
With so few studies available, the negative outcomes could reflect the fact that the exposures studied were not the best choices for evaluating the lymphocyte MN assay. Nevertheless, in several of the investigations mentioned above (15) (16) (17) (18) , some other parameter of genotoxic exposure (e.g. MN in buccal mucosa in our study of formaldehyde exposure; data not published) gave positive results.
Another exposure, which usually produces elevations in chromosome aberrations and sister chromatid exchanges, but not in MN, is smoking (4, 5, (11) (12) (13) 16 (20) were able to show a statistically significant difference in MN levels between smokers and nonsmokers, the overall impression that one gets from the few studies available is that the CB MN assay does not detect smoking as efficiently as the analysis of chromosome aberrations does. (4, 6, 8, 11, 12, 14, 16, 19) have demonstrated that age affects the MN frequency of cultured human lymphocytes, the effect being steeper for women than for men. Lymphocyte MN appear to contain whole chromosomes more often among the elderly (>65 years) than among young people (20-35 years), as indicated by the frequency of MN staining positively with antikinetochore antibodies (50% and 42%, respectively), although some age-related MN might harbor whole chromosomes with inactivated centromeres and lack kinetochore staining (6, 22) .
Our unpublished findings with cultured lymphocytes of three male subjects (aged 32-39 years) indicate that the majority of MN contain a centromere and that MN are more frequently kinetochore positive in Cyt-B-induced (3 ,ug/mL) binucleate cells (mean 84%) than in mononucleate cells of cultures not containing Cyt-B (mean 63%). This would suggest that Cyt-B induces MN with whole chromosomes.
In fact, it has quite conclusively been shown that Cyt-B induces MN in human lymphocytes (23 Our experiments did suggest a dose-dependent increase in lagging chromosomes, although only the regression was significant, in bipolar anaphases of Cyt-B-treated human lymphocyte cultures (Table 2) . As it is known that a decreasing portion of dividing cells are able to escape the CB with increasing concentrations of Cyt-B (25), the dose response could be explained if one assumes that the bipolar divisions committed to become binucleated have an increased tendency to develop lagging chromatids. (2, 3, 22, 26) or centromeres (27, 28) (Fig. 2) FIGURE 2. A binucleated human lymphocyte with a micronucleus showing a centromeric signal. In situ hybridization of the aiphoid DNA oligomer probe SO ciAliCen (28) with the sequence GTTTTGAAACiO-ACTCTTTTTG2OTAGAATCTGC3O; digoxigenin label and immunoperoxidase/diaminobenzidine detection; counterstaining with Wright's stain.
Improving the Sensitivity of Human Lymphocyte Micronucleus Assay
It is obvious that the sensitivity of the MN assay in monitoring human exposure to genotoxins could be increased in several different ways. In revealing the specific effects of clastogens, considerable improvement could be achieved by including only those MN that do not have a kinetochore or a centromere (3, 22, 26) . If in vivo exposure to aneuploidogens turns out to be detectable by the MN assay, the same techniques could be used to distinguish the influence ofboth the clastogenic and aneuploidogenic components of an in vivo exposure. Kinetochore/centromere detection would also remove the possible problem of Cyt-B inducing MN harboring whole chromosomes. On the other hand, the CB method could be replaced by other assays for identifying second cycle interphases. We have developed one such alternative, based on the use of pulse labeling with 5-bromodeoxyuridine followed by label detection by antibromodeoxyuridine antibody (29) . If T8 lymphocytes really are much more sensitive to smoking-induced MN than other lymphocyte subpopulations (21) , MN analysis could possibly be restricted to these lymphocytes alone also in other exposures.
Finally, as the resolution of the analysis of such relatively rare events as MN could be enhanced by increasing the number of cells scored per sample, the development of automated approaches to MN analysis would also much improve the sensitivity of the assay (2). 
